Lenz microphthalmia is inherited in an X-linked recessive pattern and comprises microphthalmia, mental retardation, and skeletal and other anomalies. Two loci associated with this syndrome, MAA (microphthalmia with associated anomalies) and MAA2, are situated respectively at Xq27-q28 (refs. 1,2) and Xp11.4-p21.2 (ref. 3). We identified a substitution, nt 254C→T; P85L, in BCOR (encoding BCL-6-interacting corepressor, BCOR 4 ) in affected males from the family with Lenz syndrome previously used to identify the MAA2 locus 3 . Oculofaciocardiodental syndrome (OFCD; OMIM 300166) is inherited in an X-linked dominant pattern with presumed male lethality and comprises microphthalmia, congenital cataracts, radiculomegaly, and cardiac and digital abnormalities. Given their phenotypic overlap, we proposed that OFCD and MAA2-associated Lenz microphthalmia were allelic, and we found different frameshift, deletion and nonsense mutations in BCOR in seven families affected with OFCD. Like wild-type BCOR, BCOR P85L and an OFCDmutant form of BCOR can interact with BCL-6 and efficiently repress transcription. This indicates that these syndromes are likely to result from defects in alternative functions of BCOR, such as interactions with transcriptional partners other than BCL-6. We cloned the zebrafish (Danio rerio) ortholog of BCOR and found that knock-down of this ortholog caused developmental perturbations of the eye, skeleton and central nervous system consistent with the human syndromes, confirming that BCOR is a key transcriptional regulator during early embryogenesis.
We had previously localized MAA2 to a 10-Mb candidate region of Xp 3 . To identify the gene, we narrowed this region by excluding regions deleted in males with Xp deletions but without microphthalmia. Coriell cell line GM07947 is from a male with Duchenne muscular dystrophy, chronic granulomatous disease, McLeod phenotype and retinitis pigmentosa without microphthalmia 5 . Sequence-tagged site (STS) mapping confirmed previous data and oriented it to current genome maps. The deletion extended from DMD (telomeric) to between RPGR and OTC (centromeric; Fig. 1 ). The Coriell cell line GM10283 excluded two genes telomeric to DMD. This narrowed the critical region to ∼5 Mb, including 12 identified genes not known to be mutated in humans. One of these, DDX3, has an active Y homolog, and we therefore considered it unlikely to underlie a disorder with X-linked recessive inheritance. We sequenced the remaining 11 genes in members of the family in which MAA2 was originally identified. Ten of these genes showed no alterations, but we identified a missense change (nt 254C→T) in BCOR 4 that co-segregated with the disease phenotype (lod score of 2.46, above the threshold of 2.0 for X linkage 3 ). The corresponding residue of human BCOR, Pro85, is conserved in mouse, rat, chicken and pufferfish (Fig. 2) , and we did not detect the nt 254C→T mutation among >450 control chromosomes. X-inactivation studies of peripheral blood leukocytes in two carriers of the mutation showed no skewing (data not shown). We also sought, but did not find, BCOR mutations in six males with sporadic microphthalmia. We did not find any mutations in BCOR in males from the two published families with MAA 1,2 and linkage to MAA2 was excluded in both families (data not shown).
As a single missense mutation did not satisfy our threshold for proof, we searched for an allelic form of syndromic microphthalmia. OFCD [6] [7] [8] [9] [10] is a distinct form of syndromic microphthalmia with congenital cataracts, narrow face, broad nasal tip with separated cartilage, cleft palate, and cardiac and dental anomalies (canine radiculomegaly, root dilacerations, oligodontia and retained deciduous teeth; Fig. 2) . OFCD is presumed to be inherited in an Xlinked dominant pattern with male lethality, and the phenotypic overlap led us to propose that it might be allelic with MAA2. We sequenced BCOR in ten females from seven families with OFCD and found different mutations in all families (nonsense, frameshift, splicing and large deletion; Table 1 ). In two sporadic cases for which DNA from parents was available, the mutations were de novo (paternity confirmed). In families OFCD5 and OFCD6, females in three and two generations, respectively, were affected and the mutations co-segregated.
The presence of truncating and frameshift mutations in seven families with OFCD and the identification of a missense mutation substituting a conserved proline that is absent in controls in a linked family with Lenz microphthalmia strongly supported the conclusion that mutations in BCOR cause both OFCD and one form of Lenz microphthalmia (associated with MAA2). In Lenz microphthalmia, a presumed hypomorphic mutation has severe phenotypic consequences in males. In OFCD, deletional, truncating and frameshift mutations are male-lethal and result in the 'milder' OFCD phenotype in females. Microphthalmia is less severe in OFCD than in Lenz syndrome, and in many females with OFCD the only ocular finding is cataract. In contrast, males in the family with Lenz syndrome have microphthalmia or anophthalmia, typically with microcephaly and structural brain anomalies. Females with OFCD are normal intellectually, but the aborted female fetus from family OFCD5 (OFCD5 individual 3, Table 1 ) had posterior fossa abnormalities. X-inactivation studies were informative in six individuals with OFCD and showed skewing (90-100%) in all cases. Of these, both familial cases demonstrated preferential inactivation of the maternal chromosome (data not shown). This indicates that the mutations in BCOR underlying OFCD may cause a selective disadvantage that in leukocytes results in skewing and in other tissues (BCOR is widely expressed) leads to variable phenotypic effects in a mosaic fashion, offering an explanation for the observation that OFCD in affected females is milder than Lenz syndrome in affected males. We predict that BCOR forms a centromeric boundary for Xp-contiguous gene syndromes, as a male with a deletion encompassing BCOR should not be viable.
To and we found 44% and 49% similarity between the mouse and human sequences, respectively, and that of the zebrafish. The Pro85 residue in human BCOR is also conserved in the predicted zebrafish protein. The zebrafish sequence is most similar to human BCOR isoform D.
We identified zebrafish exon-intron boundaries from the trace database and found that the boundaries of human introns 3-15 are conserved in the zebrafish. We used antisense splice-blocking morpholino oligonucleotides 11 to target the splice donor junctions of the zebrafish orthologs of human BCOR exons 9 and 10 (MO9, MO10), selected for their proximity to the human mutations. Examination of zebrafish embryos injected with 3-6 ms pulses of morpholino at 24 hours post fertilization (h.p.f.) showed severe central nervous system toxicity with necrosis, most evident with 6 ms of MO9. Morpholino MO10 caused more severe effects, and no embryos treated with 6 ms MO10 survived at 24 h.p.f. We therefore used 3 ms of MO10 for later experiments. A typical 3-ms MO10 experiment included 92 injected embryos, of which 84 survived 24 h and 79 of the 84 showed major morphologic defects. In contrast, the MO10MIS control included 43 injected embryos, of which 33 survived 24 h and only 2 had apparent morphologic defects (P < 0.0001, Fisher's exact test). These MO10-treated zebrafish had colobomatous eye defects (Fig. 3a,b) and skeletal defects including disarrayed somites, shortening and kyphotic tails (Fig. 3c,d) . also had developmental defects of the central nervous system, including disruption and irregularities of the cerebellum, optic tectum and boundaries of the fourth ventricle, and growth of notochord cells through the floor plate and invasion into the spinal cord, as seen with MO9 at 72 h.p.f.. Control morpholinos, MO9MIS and MO10MIS, with 5-base-pair mismatches produced very few abnormal developmental effects. These data indicate that loss of function of zebrafish BCOR causes pleiotropic defects reminiscent of Lenz microphthalmia and OFCD syndromes.
We also investigated the functional consequences of the OFCD and Lenz mutations. BCOR is a transcriptional corepressor identified through yeast two-hybrid screens 4 for interaction with the POZ domain of BCL-6, a transcription factor identified in translocations in non-Hodgkin's lymphoma [12] [13] [14] [15] . BCL-6-deficient mice develop inflammatory disease and have defects in T cell-dependent antibody responses [16] [17] [18] . In addition, specific BCOR isoforms interact with the MLL (mixed lineage leukemia) fusion partner AF9 and function as a corepressor for the AF9 (Mllt3) activation domain 19 . MLL is a developmental regulator homologous to the D. melanogaster gene trx (trithorax). We tested corepressor function (i) by tethering BCOR to a promoter and measuring its ability to repress the SV40 enhancer (Fig. 4a) and (ii) by measuring BCOR's ability to repress a tethered AF9 activation domain (Fig. 4b) . We compared wild-type BCOR to a partially deleted BCOR that mimics the predicted truncation product of individual OFCD2 expressed at similar levels (Fig. 4c) . In both assays the BCOR protein from OFCD2 showed repressor effects equivalent to those of wild-type BCOR (Fig. 4a,b) . All the mutations identified in individuals with OFCD predict premature stop codons and have similar phenotypic consequences. It is likely that nonsense-mediated mRNA decay prevents the truncated BCOR proteins from being expressed in vivo, but this cannot be tested because of the severe skewing of X inactivation in individuals with OFCD. In the case of the P85L mutant, nonsense-mediated mRNA decay is unlikely. BCOR P85L interacted normally with BCL-6 ( Fig. 4d) and showed normal or near-normal repressive activity in two assays (Fig. 4a,b) . The slightly lower activity of P85L in the tethered BCOR assay was probably due to lower protein abundance (Fig. 4c) .
These results, together with the lack of an ocular phenotype [16] [17] [18] (or other manifestations of Lenz microphthalmia or OFCD syndromes) in BCL-6-deficient mice, indicate that transcriptional regulators other than BCL-6 are likely to participate with BCOR in the development of a range of nonimmunologic systems. This is supported by the ubiquitous expression pattern of BCOR in both fetal and adult tissues 4 . That individuals with Lenz microphthalmia have no immunoregulatory deficits also indicates that mutations in BCOR have developmental consequences that involve non-BCL-6 pathways.
We propose that additional transcription factors interact with BCOR in the developing eye. Complex regulatory networks of transcriptional activators and repressors have now been defined in eye development 20 and offer several attractive candidates. Cataract is the most constant ocular phenotype of OFCD and several lens-specific gene products (α-and β-crystallins, MIP, PAX6, PITX3 and MAF) are required for both normal ocular patterning and lens formation 21 . We suggest that PAX6, MAF and SOX1-3 may act as coregulators with, or counter-regulators of, BCOR. MAF is crucial for regulation of lens crystallin expression and is activated by CREB-binding protein (which is haploinsufficient in Rubinstein-Taybi syndrome, a pleiotropic developmental disorder that can be associated with both cataract and microphthalmia 22 ) and p300 in the presence of histone acetylase activity 23 . Notably, BCOR interacts with class I and II histone deacetylases 4 and p300 binds and acetylates BCL-6 to inhibit recruitment of histone deacetylases and the ability of BCL-6 to repress transcription 24 . Taken together, these data suggest that BCOR, which is crucial for ocular and nonocular patterning, is involved in transcriptional repression, possibly mediated through the modulation of histone acetylation and subsequent chromatin remodeling.
METHODS
Human and animal subjects. This study was done as part of a protocol reviewed and approved by the National Human Genome Research Institutional Review Board and the Research Ethics committee at Manchester University, and informed consent was obtained from all participants. The zebrafish studies were carried out under a protocol reviewed and approved by the NHGRI animal care and use committee.
Deletion mapping. After extracting genomic DNA from Coriell GM07947 (Coriell Institute) with QIAmp DNA Blood Mini Kit (Qiagen), we identified intragenic microsatellite repeats (STRs) in DMD, PRRG1, XK, TCTE1L, SRPX, OTC, TM4SF2 and STRAIT11499. STS analysis was done using standard techniques. The Xp interstitial deletion of individual OFCD7 was defined using short tandem repeat polymorphisms located in BACs AC0921928 and AC091809 (primer sequences are available upon request).
Mutation analysis.
We amplified the coding exons of BCOR, including the flanking intronic sequence, from genomic DNA that was isolated using affinity chromatography (Qiagen). We carried out PCR using Herculase DNA polymerase and Perfect Match PCR enhancer (Stratagene) with a PTC-100 Programmable Thermal Controller (MJ Research). An initial denaturation step of 3 min at 98 °C was followed by 40 cycles of amplification (1 min at 98 °C; 1 min at 50 °C; 1 min/kb at 72 °C) and a final extension at 72 °C for 10 min. We sequenced PCR products with the dGTP BigDye Terminator ready reaction kit (PE Applied Biosystems) on an ABI 377 Prism automated sequencer (PE Applied Biosystems; 5% LongRanger acrylamide gel, BMA) and analyzed the data using ABI Prism Sequencing Analysis 3.0 and Sequencher 4.1 software (GeneCodes). We compared the sequence data with published BCOR sequence (GenBank reference numbers AF317391 and AL591802) and controls. Although BCOR has alternative splicing and previously unrecognized splice forms were identified in the course of this work, seven of eight mutations we identified are in exons that are invariant (one mutation associated with OFCD, IVS8-1G→T, is at a variable splice acceptor).
We analyzed controls for the nt 254C→T mutation by PCR followed by restriction digestion of the product; the mutation removes a SmaI restriction site. Controls included a panel of 100 samples derived from African American individuals (83 female and 17 male), a panel of 92 samples from African American individuals of unknown sex (estimated to be 50% female) and a panel of 92 samples derived from individuals of mixed ethnicity, 46 each males and females.
Zebrafish RT-PCR and 3′ and 5′ RACE. We cloned the zebrafish BCOR ortholog by rapid amplification of cDNA ends (RACE) starting from a single expressed sequence tag (EST), AI354165. We extracted RNA from adult zebrafish tails with RNAeasy (Qiagen) according to the manufacturer's instruction. We carried out first-strand cDNA synthesis with the SMART RACE cDNA amplification kit (BD Biosciences Clontech) and 3′ and 5′ RACE PCR with the Advantage-GC 2 PCR kit (BD Biosciences Clontech) using custom nested primers (Invitrogen) designed from EST AI354165. PCR products were gel purified with a Qiagen gel purification kit and sequenced with an ABI 377 Prism automated sequencer. Sequence data were analyzed with ABI Sequencing analysis 3.0 and Sequencher 4.1 software. No similar paralogs in zebrafish were detected, suggesting that this zebrafish gene has not been duplicated.
Morpholinos.
We designed antisense splice-blocking morpholino oligonucleotides (which we obtained from Gene Tools) based on 5′ RACE sequence to target zebrafish BCOR orthologs of human exons 9 and 10 by annealing to the splice donors of each exon with extension into the adjoining intronic sequence. Sequences of the morpholinos are available on request. We resuspended the morpholinos with purified water at 300 nM concentration, diluted them to 75 nM for injections, and injected ∼0.5 ng into the yolk sac of the embryo as described 11 .
X-inactivation studies. We analyzed X-inactivation patterns by methylation PCR with bisulfite modification of genomic DNA of the trinucleotide repeat in exon 1 of the human androgen receptor 25, 26 . We used FAM-labeled primers to label the products and carried out fragment analysis on an ABI 377 Prism with Genescan 3.1 software. Peak area correction was done as described 25 .
Biochemical studies. We generated the P85L mutation in the C isoform of EFmycBCOR, pT7-myc BCOR and pCMV-DBD-BCOR 4 using the Promega gene editor kit. The genomic IVS11-1G→A mutation of individual OFCD2 was assumed to splice from exon 11 to exon 13, generating an in-frame stop codon 6 amino acids downstream of the splice junction. We generated a cDNA fragment representing this new C terminus by PCR. All primer sequences are available on request. We digested the product with BsmI and NotI and cloned it into an intermediate vector to pick up an XbaI site beyond the NotI site. Next, we cloned the BsmI and XbaI fragment from this vector into BsmI-(partial) and XbaI-cut CMV-DBD-BCOR, and substituted a PmlI-XbaI fragment from this into the EFmycBCOR vector. We generated the BCOR A isoform region by PCR from cDNA inserted into the C isoform EFBCOR. We transferred a BsmI fragment from this vector into all other A isoform BCOR vectors. The PCR-generated sequences were confirmed by sequencing. DBD-BCOR repression assays and cotranslation coimmunoprecipitation assays were as described 4 . The assay of BCOR repression of DBD-AF9 was similar to one used previously 19 except that we used human and not mouse proteins and the reporter contained the thymidine kinase (TK) promoter and no SV40 enhancer. We derived the C-terminal 94 amino acids of human AF9 by PCR from a cDNA generously provided by J. Kersey (University of Minnesota) and cloned into CMV-DBD. Expression promoter concentrations were kept constant in a given experiment by the inclusion of empty expression vectors, either EFmyc or CMV-DBD. We carried out transfection of 293 cells using CaPO 4 in 6-cm dishes. For western analysis, we transfected 293 cells with 6 µg of the indicated EFmycBCOR or GAL4 DBD fusion constructs and 400 ng of pEFLacZ plasmid. Whole cell extracts with equivalent β-galactosidase activity were blotted with an anti-BCOR antibody (V.J.B., unpublished results). For in vitro coimmunoprecipitations, we produced [ 35 S]methionine-labeled, untagged BCL-6 and myc-tagged BCOR proteins in vitro (Promega Quick Coupled System), immunoprecipitated them with antimyc antibody 4 , recovered them and analyzed them by 10% SDS-PAGE.
Accession numbers. BCL-6 interacting corepressor is NM_017745; this is the ortholog of Mus musculus BCOR isoform D, AY161173. Human BCOR is AY316593. The Takifugu rubripes sequence was predicted from CAAB01000660, Rattus norvegicus BCOR is XP_343768 and the Gallus gallus BCOR protein sequence was predicted from an EST contig comprised of BU451897, BU402004 and BU234234. The D. rerio BCOR cDNA cloned in this work is AY316593.
